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Abstract
This paper studies a variant of multi-player reach-avoid game played between intruders and defenders. The intruder team
tries to score by sending as many intruders as possible to the target area, while the defender team tries to minimize this
score by intercepting them. Specifically, we consider the case where the defenders are constrained to move on the perimeter
of the target area. Finding the optimal strategies of the game is challenging due to the high dimensionality of the joint state
space. As a tractable approximation, existing methods reduce the design of the defense strategy to an assignment problem
by decomposing the game into a combination of one vs. one games. To solve the one vs. one game, those works either rely
on numerical approaches or makes simplifying assumptions (e.g., circular perimeter, or equal speed). This paper provides an
analytical solution to the case where the target area takes any arbitrary convex shape. We also provide a detailed discussion
on the optimality of the derived strategies. In addition, we solve the two vs. one game to introduce a cooperative pincer
maneuver, where a pair of defenders team up to capture an intruder that cannot be captured by either one of the defender
individually. The existing assignment-based defense strategy is extended to incorporate such cooperative behaviors.
Key words: Pursuit evasion game, Reach avoid game, Cooperative control
1 Introduction
Maintaining perimeter surveillance and security is a
complex problem given that it has become practical to
deploy autonomous agents in large numbers. Various
approaches to counter intrusions by unmanned vehi-
cles have been studied including detection and tracking
mechanisms [11], patrolling strategy [24], intrusion de-
tection based on behavior rules [22], and GPS spoofing
to manipulate the behavior of the agents [16].
When evasive targets need to be detected, intercepted,
or surrounded, the scenarios are often formulated as
pursuit-evasion games (PEGs) [7]. The game is played
between two types of agents: pursuers and evaders. If it
is formulated as a game of kind, we ask which initial con-
figuration leads to capture (or evasion), and what pur-
suit (or evasive) strategy guarantees that. If it is formu-
lated as a game of degree, we find the optimal strategy
for a given objective function. For example, the pursuer
may try to minimize the time it takes to capture, while
the evader tries to maximize it.
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The game becomes more complex when the evader has
another objective, such as to reach a target. A version
of this problem is called the target-attacker-defender
(TAD) game [27,12,19]. In a TAD game the attacker aims
to capture the target while avoiding being captured by
the defender, and the defender tries to defend the tar-
get by intercepting the attacker. This formulation has
gained attention in missile guidance and navigation com-
munity where the attacker and the defender are both
missiles [26,12]. In [19] the problem was treated with a
more general agent model where the defender could save
the target by reaching it before the attacker. The tar-
get can also coordinate with the defender to evade the
attacker and rendezvous with the defender.
Another formulation focuses on the case where the tar-
get is some region in the game space and is no longer
treated as an agent. The complexity in the attacker’s
objective still remains the same; it has to reach the tar-
get while avoiding the defender. The two-player version
of the game (one defender vs. one attacker) was first in-
troduced by Isaacs as the target-defense game [15]. This
game is also called the reach-avoid game [8], and has
been extended to the case with multiple players [13,6,5].
This paper considers the perimeter defense game, which
is a variant of the reach-avoid game played between in-
truders and defenders [30]. The intruder team tries to
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score by sending as many intruders as possible to the
target area, while the defender team tries to minimize
this score by intercepting them. A specific assumption
made in this paper is that the defenders are constrained
to move on the perimeter. Such assumption is motivated
by the scenarios where the target region acts as an ob-
stacle that the defenders cannot move through ( e.g., de-
fending a perimeter of a building using ground vehicles).
Various solution methods have been proposed to solve
the PEGs introduced thus far. In general the approaches
can be divided into two types: the differential game for-
mulation and the explicit policy method [19]. The former
obtains the strategies and the winning regions by solv-
ing a Hamilton-Jacobi-Issacs (HJI) partial differential
equation (PDE), while the latter analyzes the outcome
of the game by prescribing a strategy to the players.
The differential game formulation has been successfully
utilized for relatively simple problems that allow analyt-
ical solution to the HJI PDEs [15,3,20] and other prob-
lems with low dimensional state space for which the HJI
PDEs can be numerically solved [9,6]. The strength of
this approach is that the optimality of the derived strate-
gies are ensured by construction. The down side is the
curse of dimensionality, which makes the HJI PDEs in-
tractable for problems with large state space. This is
why the explicit policy method is widely used for multi-
player PEGs.
For scenarios involving multiple pursuers, specific con-
trol strategies have been proposed with the analyses
on their performance guarantees. Approaches based on
Voronoi tessellation and area minimization can be found
in various works [14,32,25]. A variant of such work pro-
poses a so called relay pursuit to improve the overall ef-
ficiency by selecting one pursuer to actively go after the
evader [2], and it has been applied to a more complex
scenario [29]. A behavior called the cyclic pursuit uses a
chain of pursuers to encircle a target [17,4]. For a non-
adversarial scenario where there is no evasive maneuver,
the problem is formulated as the vehicle-routing prob-
lem [31,1]. Evasive maneuvers have also been consider
in the scenario with one pursuer and multiple evaders
[10,28].
The problem becomes more challenging when there are
multiple pursuers and multiple evaders. The underly-
ing question is “which pursuer should go after which
evader?” In [25], a Voronoi-tessellation based approach
was used to directly obtain the desired direction of mo-
tion. In [21], a task allocation approach was proposed,
where the solution to the multiple pursuers vs. one
evader problem was used to assign a unique pursuer for
each evader so that capture in minimum time is guar-
anteed. When there are multiple evaders assigned to a
single pursuer, Voronoi tessellation is used to select a
single evader that is closest [21].
Specifically for the reach-avoid game played between
multiple defenders and multiple attackers, [6] approxi-
mated the multi-player game as a combination of two-
player games. In contrast to a more conventional PEG
that considers the time of capture, we need to consider
whether the given pursuer can capture the attacker be-
fore it reaches the target. To obtain this feasibility (cap-
turability) information, the solutions to the two player
games (strategies and winning regions) were obtained by
numerically solving the associated HJI PDE [6]. These
solutions were used to formulate the design of defense
policy as an assignment problem.
Following the approach taken in [6], this paper starts by
identifying the solution to the two-player game: the game
played between one defender and one intruder. Although
the two-player game has been solved either numerically
[6,5], or under restricted assumptions (circular perimeter
or equal speed) [30], we analytically solve the problem
for arbitrary convex shapes. This is enabled due to the
constraint that the defender moves on the perimeter.
In addition, the derived solution exhibits an interest-
ing contrast to the solution obtained using the concept
called the dominance region, which was used in the orig-
inal work by Isaacs [15] and also in [23]. The intruder-
dominated region contains all the points in the game
space that the intruder can reach first regardless of the
defender’s strategy [23]. One can conclude that the in-
truder can successfully reach the target/perimeter if the
intruder-dominated region intersects with the target re-
gion. However, our analysis shows that such condition
is only sufficient and not necessary in the perimeter de-
fense game. This is another consequence of the assump-
tion that the target region also behaves as an obstacle.
We also extend the existing assignment method by incor-
porating a cooperative defense performed by two defend-
ers. To this end, we analytically solve the game played
between two defenders and one intruder. Then the so-
lution to this two vs. one game is incorporated in the
extended assignment policy.
The contributions of the paper are (i) the solution to the
one v.s. one game; (ii) the solution to the two v.s. one
game that shows the benefit of defender cooperation; (iii)
the analysis on the optimality of the derived strategies;
and (iv) the assignment policy that accommodates the
defender cooperation.
In the previous work [30] the perimeter-defense game
was solved on a circular perimeter with a formulation
that is not applicable to general shapes. This paper uses
a formulation that can treat any convex shapes includ-
ing the circular perimeter. The extension to polygonal
perimeter was discussed in [30], but the result was lim-
ited to the case where the defender and the intruder have
the same speed limits. This paper accommodates a more
general case where the defender has any speed that is
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equal or higher than the intruder. Finally, the discussion
of the payoff functions, for which the derived strategies
are optimal, has not been published before.
Section 2 formulates the problem. Section 3 solves the
game played by one defender and one intruder. Section 4
introduces the cooperative aspect by solving the game
played by two defender and one intruder. Section 5 pro-
poses the defender team strategy using the results of one
vs. one and two vs. one games. Section 6 presents the
numerical results.
2 Problem formulation
This section formulates the reach-avoid game for de-
fenders constrained on a perimeter. The target T ⊂ R2
is assumed to be a convex region on a plane, and its
perimeter is given by an arc-length parameterized curve
γ : [0, L)→ ∂T , where L denotes the perimeter length.
We use s ∈ [0, L) to denote the arc-length position on
the curve measured in counter-clockwise (ccw) direc-
tion. The tangent vector of the curve at s is denoted by
T (s) , dγ(s)ds .
For any two points/vectors in R2 we denote the relative
vectors using
xa )b , xb − xa,
and the unit vectors using xˆ = x‖x‖ . The arc-length from
point sa to sb on the curve in ccw direction is denoted by
sa )b , (sb − sa) mod L,
for example, sa )b + sb )a = L. The segment starting
from sa and ending at sb in ccw direction is denoted by
[sa, sb] , {sx | sa )x ≤ sa )b}. We use (sa, sb) when the
endpoints are not included.
A set of ND defenders {Di}NDi=1 are constrained to move
on the perimeter. This assumption is motivated by de-
fending the perimeter of a building that the agents can-
not move through. The position of the ith defender is
described by sDi or xDi = γ(sDi). The defender’s con-
trol input is the signed speed; s˙Di = ωDi or x˙Di =
ωDiT (sDi) with the constraint |ωDi | ≤ 1.
A set ofNA intruders {Aj}NAj=1 have first-order integrator
dynamics in R2. The control inputs are the velocities;
x˙Ai = uAi with the constraint ‖uAi‖ ≤ ν. It is assumed
that the defender is faster:
ν ∈ (0, 1]. (1)
We assume that each player has the perfect state infor-
mation and the speed ratio ν is also known.
In a microscopic view, an intruder Ai scores if it reaches
the target (xAi ∈ ∂T ) without being captured by the
defenders. We use zero distance to define capture. The
defender moves on the perimeter to either intercept the
intruder or prevent it from scoring indefinitely.
As the building blocks to analyze the multi-player game,
we solve the game played by one defender and one in-
truder, and also by two defenders and one intruder.
Problem 1: Find the surface that divides the state
space into intruder-winning and defender-winning con-
figurations. In each region, what are the optimal strate-
gies to be adopted by the players?
In a macroscopic view, we use Q ∈ N to denote the num-
ber of intruders that reach the perimeter. The intruder
team maximizesQwhile the defender team minimizes it.
Problem 2: Given an initial configuration of the game
and the speed ratio ν, what is the upper bound on the
scoreQ and the defender strategy to ensure that bound?
We address these problems in the following sections.
3 One vs. One Game
This section solves the game played between one de-
fender and one intruder. The states of the system are
[sD,xA] and the dynamics are [s˙D, x˙A] = [ωD,uA].
(Note that we omit the transpose notation.) The
terminal surface corresponding to intruder’s win is
{[sD,xA] |xA ∈ T and ‖xA − γsD‖ > 0}. The terminal
condition for defender’s win is discussed later in Sec. 3.2.
We first introduce the relevant geometries, and then
solve the game of kind to find the surface called the
barrier that divides the game space into the intruder-
winning configuration and the defender-winning config-
uration. We also discuss the objective functions for which
the derived strategies are also optimal in the game of
degree.
3.1 Geometries
Let stan,R and stan,L denote the points where the tan-
gent lines from xA touches the perimeter (see Fig. 1a).
Considering the directions from the perspective of a de-
fender facing outward from the perimeter, the subscript
R corresponds to the “right” or clockwise (cw) direction
of motion, and L corresponds to the “left” or counter-
clockwise (ccw). We use
Sd(xA) , [stan,R, stan,L]
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Fig. 1. Illustration of the tangent points and the approach
angle. The segment Sd is indicated with the solid line. (a)
For a smooth perimeter. (b) For a polygonal perimeter.
to denote all the points on the perimeter that the in-
truder can reach on a straight line. Note that these ge-
ometries are independent of the defender position.
For a given point sB ∈ Sd, consider the following quan-
tity:
JL(sB ; sD,xA) , sD )B − ‖γ(sB)− xA‖
ν
. (2)
The first term is the ccw distance from the defender to
sB , and ‖γ(sB)−xA‖ is the distance from the intruder to
sB . Hence, recalling that the defender and the intruder
has the speed 1 and ν respectively, JL describes how
much longer it takes for the defender to reach sB than
it takes for the intruder, when the defender moves ccw
and the intruder moves on a straight line path towards
sB . The subscript L is used to highlight that we assume
the engagement in the “left” or ccw direction.
Suppose the game starts at t = 0 and the intruder
reaches sB at time tF before the defender does. Then
sD )B(tF ) = sD )B(0) − tFωD ≥ sD )B(0) − tF =
sD )B(0) − ‖γ(sB)−xA(0)‖ν . Therefore, a positive JL(sB)
can also be interpreted as the expected arc-length dis-
tance between the intruder and the defender when the
intruder reaches sB . To focus on the geometry, we defer
the question of defender’s optimal direction of motion,
and whether the intruder should employ a straight line
path, to the later sections.
Restricting ourselves to straight line paths for now, the
intruder maximizes JL by finding the optimal breaching
point sB . The derivative is given by
dJL
dsB
=
d
dsB
(sB − sD)− 1
ν
d
dγ
‖γ − xA‖ · dγ(sB)
dsB
= 1− 1
ν
γ(sB)− xA
‖γ(sB)− xA‖ · T (sB),
where the dot product in the second term is related to
the approach angle defined in the following:
Definition 1 Suppose the intruder position xA is given.
Then for s ∈ Sd, we define the approach angle to be
φ(s) , cos−1
(
γ(s)− xA
‖γ(s)− xA‖ · T (s)
)
∈ (0, pi). (3)
For a perimeter with discontinuous tangent vector (e.g.,
polygonal perimeter), we use φ−(s) and φ+(s) to denote
the approach angle before and after the discontinuity (in
ccw direction).
Note that φ is non-increasing in ccw direction due to the
convexity of T , and for a smooth perimeter, we always
have φ(stan,R) = pi and φ(stan,L) = 0 (see Fig. 1b).
Using the approach angle, the partial derivative is de-
scribed as:
dJL
dsB
= 1− cosφ(sB)
ν
,
which gives the following:
dJL
dsB
=

positive if φ(sB) > φ
∗
L
0 if φ(sB) = φ
∗
L
negative otherwise.
(4)
where
φ∗L = cos
−1(ν).
This result provides the critical breaching point that
maximizes JL as follows:
Definition 2 We define left breaching point sL(xA) ∈
Sd to be the point that maximizes J∗L. For a differentiable
γ(s), it is the unique solution of φ(s) = φ∗L, i.e.,
sL(xA) = φ
−1 (cos−1 ν) . (5)
For a non-smooth perimeter, sL(xA) is a unique point
that satisfies either of the following conditions:{
φ(s) = φ∗L (sL is on an edge),
φ(s)+ < φ∗L < φ
−(s) (sL is on a vertex).
(6)
Due to the monotonicity of φ(s) on a convex perimeter,
sL is always unique, and it can be found by a simple
search on a one-dimensional space. It is also obtained
analytically for some special cases (see Sec. 3.4)
Remark 1 (Limiting cases) If ν = 1, then we always
have sL = stan,L, because φ
∗
L = 0 and φ(stan,L) = 0.
When ν → 0 the optimal approach angle is φ∗L → pi2 , in
which case sL is equivalent to the closest point on the
perimeter from xA.
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Fig. 2. Level sets of J∗L(sD,xA) (left) and J
∗
R(sD,xA) (right)
for a fixed value of sD.
Noting the dependencies on sD and xA, we define a func-
tion for the critical value of JL as follows:
J∗L(sD,xA) , JL(sL) = max
sB∈Sd
JL(sB). (7)
For a similar analysis on the cw motion of the defender,
consider the following function:
JR(sB ; sD,xA) = sB )D − ‖xA − γ(sB)‖
ν
, (8)
where the arc-length computation changed from sD )B
to sB )D. With the same process, we can show that JR
is maximized by the right breaching point, sR, defined as
the solution to
φ(sR) = φ
∗
R = pi − cos−1(ν). (9)
We define a function for the critical value as
J∗R(sD,xA) , JR(sR) = max
sB∈Sd
JR(sB). (10)
Figure 2 shows the level sets of J∗L and J
∗
R for a fixed
value of sD. There is a discontinuity along the manifold
where sL(xA) = sD.
Next we use the two functions J∗L and J
∗
R to divide the
game space into “right side” and “left side” based on
the position of the defender. Let sopD be the farthest (op-
posite) point from the defender on the perimeter. The
partitioning will be given by the surface defined in the
following:
Definition 3 Consider the surfaces defined by
Γ(sD) = {xA | J∗L(xA, sD) = J∗R(xA, sD)}. (11)
The one extending from sD is called the afferent sur-
face, Γaff, and the other extending from s
op
D is called the
dispersal surface, Γdis (see Fig. 3a).
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Fig. 3. Singular surfaces. (a) Left region (cyan) and right
region (magenta). The left region is further partitioned into
three regions. (b) Level sets of V .
The singular surfaces are defined in the three-dimensional
state space, but for convenience, we look at the “two-
dimensional slice” by considering specific value of sD.
The singular surfaces divide the entire game space into
two regions. We define them as the left region, ΩL(sD),
and the right region, ΩR(sD) (see Fig. 3a).
Let SL = [sD, sopD ] and SR = [sopD , sD] denote the seg-
ments of the perimeter to the left and right of the de-
fender. Whether the intruder is in the left region or not
can be tested using the location of the breaching points
(sL and sR), and the relation between the values J
∗
L and
J∗R. If xA ∈ ΩL(sD), then xA is in one of the following
three regions (see Fig. 3a):
R1L = {xA | sL ∈ SL, sR ∈ SR, J∗L > J∗R}
R2L = {xA | sL ∈ SL, sR /∈ SR} (12)
R3L = {xA | sL /∈ SL, sR /∈ SR, J∗L < J∗R}.
If the states [sD,xA] satisfy none of the above three
conditions, then we know that xA ∈ ΩR(sD).
Finally, we merge the two objective functions as follows:
V (xA, sD) =
{
J∗L(xA, sD) if xA ∈ ΩL(sD)
J∗R(xA, sD) otherwise.
(13)
Fig. 3b shows the level sets of V (sD,xA). We later show
in Sec. 3.3 that this is the value of the game (of degree)
for some payoff functions.
3.2 Winning Regions
This section proves that the barrier (for the game of
kind) is given by the zero level set of V . We take the
explicit policy method [19] in which the game is analyzed
with a specific strategy given to the player.
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Fig. 4. Intruder winning region. The barrier surface is de-
picted in red. The green cylinder depicts the perimeter shape
extruded vertically.
Fig. 4 depicts the surface of V (sD,xA) = 0 in the three
dimensional state space. For convenience, we perform
our analysis using the two-dimensional slice at sD corre-
sponding to the location of the defender. We define the
intruder winning region as
RA(sD) = {xA |V (sD,xA) > 0}. (14)
We first show that the intruder can guarantee its victory
if it starts in RA.
Lemma 1 If the initial configuration is such that xA ∈
RA(sD) (i.e., V > 0), then regardless of the defender
strategy, the intruder guarantees its win using the follow-
ing (feedback) strategy:
u∗A =
{
νxˆA )L if xA ∈ ΩL(sD)
νxˆA )R otherwise,
(15)
where xˆA )L = γ(sL)− xA.
PROOF. Suppose xA ∈ ΩL(sD) without the loss of
generality. We consider two cases: (i) sL ∈ [sD, sopD ], and
(ii) sL ∈ [sopD , sD]. In either case, we know that the in-
truder reaches sL first if the defender moves ccw, because
J∗L = V > 0.
In the first case when sL ∈ [sD, sopD ], it is clear that the
cw motion by the defender takes longer time to reach
sL than the ccw motion since sL )D > sD )L. Therefore,
the intruder can move towards sL and reach it no mat-
ter what the defender does. All the intruder positions
corresponding to the first case are shown as the shaded
region in Fig. 5.
The second case where sL ∈ [sopD , sD] is more subtle
since by moving cw, the defender may be able to reach
⌫ = 0.4
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Fig. 5. Intruder-winning region under the constraint sL ∈ SL
(cyan) and sR ∈ SR (magenta), for varied intruder speed ν.
The dotted lines illustrate the corresponding intruder paths.
(a) (b)
sL
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Fig. 6. Engagement when the game starts in a configuration
with sL /∈ SL and sR /∈ SR. (a) Defender takes a suboptimal
strategy aiming at sL. (b) Intruder enters the right region
ΩR and switches its motion to sR.
sL before the intruder does (e.g., see Fig. 6a). Suppose
the defender takes this strategy: ωD = −1 (cw motion).
Then J∗L starts increasing because sD )L in (7) increases.
Now, there exists a time t1 when xA(t1) ∈ Γdis(sD(t1)),
at which point we have
V (t1) = J
∗
L(t1) = J
∗
R(t1) > J
∗
L(t0) = V (t0) > 0. (16)
If the defender continues in cw direction, then the in-
truder enters the right region (xA ∈ ΩR), and the strat-
egy (15) switches the breaching point to sR.
1 The in-
truder will reach sR first because J
∗
R(t1) > 0. If the de-
fender goes back to ccw motion, then the intruder stays
in ΩL, and it will continue towards sL. The intruder
will reach sL first because J
∗
L(t1) > 0. Therefore, no
matter what decision the defender makes at this point,
V (sD,xA) stays positive through out the game, and the
intruder never leavesRA(sD) until it reaches the perime-
ter. Note if the defender continues to switch between
cw and ccw motion, then the intruder will approach sopD
moving along Γdis, and there will be no “dead-lock” sit-
uation. 
Remark 2 (Dominance region) Notice that for the
configuration in Fig. 6a, the analysis based on the domi-
nance region [23] will not conclude that the intruder can
1 the simulation video at https://youtu.be/1pfwv04NzcA
illustrates the engagement.
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win the game, because sL is not in the intruder-dominated
region; i.e., the defender has a way to reach sL before the
intruder. Nevertheless, we have shown that the intruder
can win the game by employing a closed-loop (feedback)
strategy (15). Such result is a consequence of the follow-
ing two points: (i) the perimeter acts as an obstacle, and
(ii) the defender is protecting a region (and not a single
point).
The above Lemma 1 only gives a sufficient condition for
the intruder to win. To prove that it is also a necessary
condition, we show that the defender wins if the game
starts in the configuration xA /∈ RA(sD).
The defender wins the game by either intercepting the
intruder or preventing it from reaching the perimeter in-
definitely. For the latter scenario, we show that the de-
fender is able to stabilize the system around the config-
uration xA ∈ Γaff(sD).
Lemma 2 When xA(t0) ∈ Γaff(sD(t0)), then regardless
of the intruder’s control, the defender can maintain the
condition xA(t) ∈ Γaff(sD(t)) for all t > t0 by the fol-
lowing control:
ω∗D(sD,xA) =
{
1 if xA ∈ ΩL(sD)
−1 otherwise.
(17)
PROOF. In the neighborhood of the surface Γaff(sD),
consider the error function e = J∗L−J∗R. Noting that e >
0 if xA ∈ ΩL(sD) and e < 0 otherwise, we can rewrite the
control as ω∗D = sgn(e). (Note, this expression of control
is only valid in the neighborhood of xA ∈ Γaff(sD).) The
time derivative of the squared error is ddte
2 = 2e(J˙∗L −
J˙∗R), where J˙
∗
L is
dJ∗L
dt
= s˙L − s˙D − xˆA )L
ν
· (s˙LT (sL)− uA)
= s˙L
(
1− cosφ(sL)
ν
)
+
xˆA )L
ν
· uA − ωD
=
xˆA )L
ν
· uA − ωD. (18)
From the second to the third line, we used the fact that
s˙L
(
1− cosφ(sL)ν
)
= 0, which we prove in the following.
Observe that a small displacement in xA moves sL if it
is on a smooth part of the perimeter, but sL will remain
stationary if it is on a vertex (see (6)). When sL is on
a smooth part, we have φ(sL) = φ
∗
L = cos
−1 ν, which
gives 1 − cosφ(sL)ν = 0. When sL is on a vertex and not
moving, we have s˙L = 0.
With a similar computation on J˙∗R, the time derivative
of the squared error is
ν
2
d
dt
e2 = e (xˆA )L · uA − νω∗D − (xˆA )R · uA + νω∗D))
= e ((xˆA )L − xˆA )R) · uA − 2νω∗D)
Recalling that xˆA )L and xˆA )R are unit vectors, no-
tice that ‖xˆA )L − xˆA )R‖ ≤ 2, and the equality holds
when xˆA )L = −xˆA )R, which can be true only when
xA is on the perimeter. Therefore, we have the bound
| (xˆA )L − xˆA )R) · uA| < 2ν, which gives
ν
2
d
dt
e2 = |e|sgn(e) ((xˆA )L − xˆA )R) · uA − 2νsgn(e))
<−|e| (−2νsgn(e) + 2ν)
≤ 0.
Therefore, the error is stabilized around 0, implying that
J∗L = J
∗
R, i.e., xA ∈ Γaff(sD). 
Since the afferent surface extends from the defender’s
position, the lemma shows that the intruder can only
reach the perimeter by passing through the defender po-
sition: i.e., it cannot reach the perimeter without getting
captured. Therefore, we extend the definition of capture
from xA = γ(sD) to the condition xA ∈ Γaff(sD), and
use it as part of the terminal condition. Note that the
former condition is contained in the latter.
Lemma 3 Let RD(sD) denote the complement of
RA(sD). If the initial condition is xA ∈ RD(sD), i.e.,
xA /∈ RA(sD), then regardless of the intruder strategy,
the defender wins the game of kind using ω∗D in (17):
i.e., the defender either captures the intruder or prevents
it from scoring indefinitely.
PROOF. Suppose the intruder never enters the win-
ning region RA. Then, since RA contains the entire
perimeter other than a single point sD (defender posi-
tion), the only entry point to the perimeter is now sD.
However, entering the perimeter from sD means capture.
Therefore, for the intruder to win the game, it is neces-
sary to enterRA. The question is: can the intruder start
outside of RA and enter it?
Crossing the boundary ∂RA and entering RA requires
V (sD,xA) to increase from negative to positive. How-
ever, this is impossible when xA ∈ ΩL(sD) because
V˙ = J˙∗L =
1
ν
xˆA )L · uA − ω∗D ≤ 0. (19)
We similarly have V˙ ≤ 0 for xA ∈ ΩR(sD). Therefore,
V (sD,xA) is non increasing, and so the intruder cannot
enter the region V > V (t0), implying that it cannot
enter RA. 
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The results of this section is summarized in the following
theorem:
Theorem 1 The zero level set of V (sD,xA) is the bar-
rier of the game of kind.
The result directly follows from Lemmas 1, 2 and 3.
3.3 Optimality of the Strategies
This section discusses how the strategy set (ω∗D,u
∗
A) de-
fined in (17) and (15) forms an equilibrium also in the
game of degree for some objective functions. We visit
intruder-winning and defender-winning configurations
separately.
Suppose the initial configuration is xA ∈ RA(sD). Then
consider the following objective function:
P1(ωD,uA) = min{sD )B(tF ), sB )D(tF )}, (20)
where tF is the time the intruder breaches the perimeter
at point sB . This quantity P1 describes the safe distance
at the time of breaching which the intruder maximizes
and the defender minimizes. The min operator is used to
account for both ccw and cw measure for the distance.
Theorem 2 If the initial configuration satisfies xA ∈
RA(sD), and if the players use P1 in (20) as the objective
function, then u∗A in (17) and ω
∗
D in (15) form equilib-
rium strategies, and the value of the game is V (sD,xA)
in (13):
V = min
ωD
max
uA
P1(ωD,uA) = max
uA
min
ωD
P1(ωD,uA) (21)
PROOF. Suppose xA ∈ ΩL without the loss of gener-
ality. Along the terminal surface {[sD,xA] |xA ∈ ∂T },
we have xA = γ(sB) where sB ∈ SL from the sup-
position. We also have V = J∗L(sD,xA) = sD )B since
the term ‖γ(sL)− xA‖ in (2) is 0. Noting that sD )B =
min{sD )B , sB )D} for sB ∈ SL, we have P1 = J∗L along
the terminal surface. Therefore, maximizing or minimiz-
ing P1 is equivalent to maximizing or minimizing J
∗
L(tF )
on the terminal surface. Recalling the time derivative in
(18), we have
1 = arg min
ωD
max
uA
J˙∗L(ωD,uA)
νxˆA )L = arg max
uA
min
ωD
J˙∗L(ωD,uA)
and
min
ωD
max
uA
J˙∗L(ωD,uA) = J˙
∗
L(1, νxˆA )L) = 0.
The above results prove the theorem. 
Remark 3 A similar result is obtained for any objective
function that is an increasing function of P1. For exam-
ple, let α : [0, L/2)→ [0,∞) be a strictly increasing func-
tion. Then P ′ , α(P1) is a valid objective function that
has u∗A in (17) and ω
∗
D in (15) as the equilibrium strate-
gies. The value of the game is then V ′ = α(V ). The proof
relies on the fact that P1 = V along the terminal surface
and V˙ = 0 everywhere under the optimal strategies.
Remark 4 If the intruder’s objective is to quickly reach
the perimeter, e.g., P ′ = −(tF − t0), then the optimal
intrusion strategy will be different. In this case, the in-
truder will move straight towards the closest point on
the perimeter whenever possible (i.e., guarantees no cap-
ture). Otherwise, it will choose the breaching point so that
it barely avoids the defender, instead of maximizing the
safe distance.
Remark 5 The shortest path towards any sB outside of
Sd consists of a straight line towards the tangent point
and the path along the perimeter, which is equivalent to
breaching the perimeter at the tangent point. Therefore,
it is reasonable for the intruder to choose sB from Sd.
In the defender winning scenario, we can consider the
following quantity which describes the distance of the
intruder from the barrier:
dbar = min
x∈RA(sD)
‖x− xA‖. (22)
This quantity can be interpreted as a buffer / margin
from the intruder winning configuration. The defender
will want to maximize this buffer, whereas the intruder
can minimize dbar hoping that any “mistake” in de-
fender’s behavior will let it penetrate the barrier and
enter RA(sD).
The terminal payoff function is chosen to be the distance
from the barrier when the capture occurs at time tF :
P2(ωD,uA) , −dbar(tF ) < 0. (23)
Note that capture is defined by xA ∈ Γaff(sD) (see the
paragraph before Lemma 3). The defender tries to min-
imize P2, while the intruder tries to maximize it.
Theorem 3 If the initial configuration is xA /∈ RA(sD),
and if the players use P2 in (23) as the objective function,
then u∗A in (17) and ω
∗
D in (15) form equilibrium strate-
gies, and the value of the game is V (sD,xA) in (13):
V = min
ωD
max
uA
P2(ωD,uA) = max
uA
min
ωD
P2(ωD,uA).
(24)
PROOF. Following the proof of Theorem 2, the proof
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 RT
<latexit sha1_ba se64="n4gb7k6pGiG53Fcu7vwDt55l 9gY=">AAACYHicbVBNTxsxFHQWaMMCD WlvcLGIkLgQ7YZIcKqQeumRVoREilf I9r4FC3+sbG9RtNq/0Wv7t7j2l9Sb5M DXkyyN5s0bj4aVUjifJE+daGNz68PH 7na8s7v3qbff/3zjTGU5TLiRxs4YdSC FhokXXsKstEAVkzBlD9/a/fQXWCeMvv aLEjJF77QoBKc+UOSUqAL/xIQ5fH27 P0iGyXLwW5CuwQCt5+q23/lKcsMrBdp zSZ2bp0nps5paL7iEJiaVg5LyB3oH8 wA1VeCyehm6wceByXFhbHja4yX7/KKm yrmFYkGpqL93r3ct+d5uXvniIquFLi sPmq8+KiqJvcFtAzgXFriXiwAotyJkx fyeWsp96CmOSQ5FaKUmrTMrmhXBXE2 YkXmbyMgmfpmG81CBC1INj9woRXVek4 pR28zTLCCdg12Jgktg60HaBI/QePq6 37fgZjRMz4ajH+PB5XjdfRcdoiN0glJ 0ji7Rd3SFJoijEv1Gf9Dfzr+oG/Wi/ koaddY3X9CLiQ7+Azgtt4o=</latexi t>
B
<latexit sha1_ba se64="vcuwUHqLJxSHoYR14j6nMT0B bgI=">AAACWXicbVDLSsQwFE3ra6xvZ +kmOAiuhlYFXYnoxuUIjgrTIkl6q8E 8SpIqQ+k3uNVPE3/GdGYWvi4EDueee+ /JoaXg1sXxRxDOzS8sLnWWo5XVtfWN za3tG6srw2DItNDmjhILgisYOu4E3JU GiKQCbunTRdu/fQZjuVbXblxCJsmD4g VnxHlqmMoCn99v9uJ+PCn8FyQz0EOz GtxvBadprlklQTkmiLWjJC5dVhPjOBP QRGlloSTsiTzAyENFJNisnrht8J5nc lxo459yeMJ+n6iJtHYsqVdK4h7t715L /tcbVa44yWquysqBYtNDRSWw07j9Os 65AebE2APCDPdeMXskhjDnA4qiNIfC5 1Gn7WZaNFOC2jqlWuStIy2a6Kcbxnw E1ksVvDAtJVF5nVaUmGaUZB6pHMxU5L d4tu4ljd/hE09+5/sX3Bz0k8P+wdVR 7+xoln0H7aBdtI8SdIzO0CUaoCFiiKN X9Ibeg88wCDthNJWGwWymi35U2P0CP Ha1Qg==</latexit>
sL
<latexit sha1_ba se64="ITghNTxkKBW//y8XWLJ/TE/Y IZc=">AAACWXicbVDLSsQwFE3ra6xvX bopDoKroR0FXYngxoULBUeFaRmS9Fa DeZQkVYbQb3Crnyb+jOnMLHxdCBzOPf fek0MqzoxNko8gnJtfWFzqLEcrq2vr G5tb27dG1ZrCgCqu9D3BBjiTMLDMcri vNGBBONyRp/O2f/cM2jAlb+y4glzgB8 lKRrH11MCM3GUz2uwmvWRS8V+QzkAX zepqtBWcZoWitQBpKcfGDNOksrnD2jL KoYmy2kCF6RN+gKGHEgswuZu4beJ9z xRxqbR/0sYT9vuEw8KYsSBeKbB9NL97 Lflfb1jb8iR3TFa1BUmnh8qax1bF7d fjgmmglo89wFQz7zWmj1hjan1AUZQVU GaidFm7mZTNlCDGZUTxonWkeBP9dEO pj8B4qYQXqoTAsnBZTbBuhmnukSxAT0 V+i2ddN238Dp94+jvfv+C230sPe/3r o+5Zf5Z9B+2iPXSAUnSMztAFukIDRBF Dr+gNvQefYRB2wmgqDYPZzA76UeHOF z6otcU=</latexit>
sD
<latexit sha1_ba se64="tTezqmZtKKITVaIF0fosg6hp Yc4=">AAACWXicbVDLSsQwFE3ra6xvX bopDoKroR0FXYmgC5cKjgrTMiTprQb zKEmqDKHf4FY/TfwZ05lZ+LoQOJx77r 0nh1ScGZskH0E4N7+wuNRZjlZW19Y3 Nre2b42qNYUBVVzpe4INcCZhYJnlcF9 pwIJwuCNP523/7hm0YUre2HEFucAPkp WMYuupgRm5i2a02U16yaTivyCdgS6a 1dVoKzjNCkVrAdJSjo0Zpkllc4e1ZZR DE2W1gQrTJ/wAQw8lFmByN3HbxPueK eJSaf+kjSfs9wmHhTFjQbxSYPtofvda 8r/esLblSe6YrGoLkk4PlTWPrYrbr8 cF00AtH3uAqWbea0wfscbU+oCiKCugz ETpsnYzKZspQYzLiOJF60jxJvrphlI fgfFSCS9UCYFl4bKaYN0M09wjWYCeiv wWz7pu2vgdPvH0d75/wW2/lx72+tdH 3bP+LPsO2kV76ACl6BidoUt0hQaIIoZ e0Rt6Dz7DIOyE0VQaBrOZHfSjwp0vL xi1vQ==</latexit>
(a) (b)
 ⇤L
<latexit sha1_ba se64="w3tOQ8ncHw1ZtYK3O+2CLlm9 53M=">AAACqnicZZFLb9QwEMe9KY8SX m05colYVUIIrZItEj1W6qUHDgWx20X rsLIdZ9eqH5E9KURRvgEnrvDF+DY4j0 VlO5Klv38zY8+DFlI4iOM/o2Dv3v0H D/cfhY+fPH32/ODwaO5MaRmfMSONXVD iuBSaz0CA5IvCcqKo5Ff0+rz1X91w64 TRn6EqeKrIWotcMAIeLXCxEV/frD6s DsbxJO4suiuSQYzRYJerw9EPnBlWKq6 BSeLcMokLSGtiQTDJmxCXjheEXZM1X 3qpieIurbuCm+jYkyzKjfVHQ9TR2xk1 Uc5VivpIRWDjdn0t/Oc7vu1sUQHq+0 4BkJ+mtdBFCVyz/v+8lBGYqB1KlAnLG cjKC8Ks8C1EbEMsYeBHF2LNvzGjFNF ZjbWxqlkmaY0lzwHLObcwTrAV6w1g29 6aMAxxxnNMXY2pkVnbiZFND1Ve47ZI mm8BHQDdAtYDRrY5mX8oE66QpHJQddP tAm0f6Avy+0t2t3VXzKeT5GQy/fhuf DYdNrmPXqJX6DVK0Ht0hi7QJZohhiT6 iX6h38Hb4FPwJVj2ocFoyHmB/rMg+wv 3vtZ4</latexit>
T
<latexit  sha1_base64="X auzakTpg3ueEvTLp MaaM5CawmA=">AA ACp3icZZFLb9QwE Me94VXCq4Ujl4hV JbiskrYSHCtx4UaR utuV1lFlO5Ndq35 E9gSIov0GSFzho/ FtcB6LynYkS3//Zs aeB6+U9JimfybRv fsPHj46eBw/efrs +YvDo5cLb2snYC6 ssm7JmQclDcxRooJ l5YBpruCK33zs/F dfwXlpzSU2FeSar Y0spWAY0Jxyn1xe H07TWdpbcldko5iS 0S6ujyY/aGFFrcG gUMz7VZZWmLfMoR QKtjGtPVRM3LA1rI I0TIPP277abXIcS JGU1oVjMOnp7YyW ae8bzUOkZrjx+74 O/vMd33Z2qEL9fa8 ALD/krTRVjWDE8H 9ZqwRt0k0kKaQDg aoJggknQwuJ2DDH BIa5xdTAN2G1ZqZo qbFOb1dZ3lIFJVK 1AIfTjDq53iB13W 0bxzEtoAyDbSm3q ug6sWo7QF22tCuSl zvAR8B3QAxAsF1O ER4qpK8Uazw2/XT 7QDcEhoLC/rL9bd0 Vi5NZdjo7+XI2PT 8bN3lAXpM35C3Jy HtyTj6RCzIngkjy k/wiv6N30edoES2H 0Ggy5rwi/1nE/gL gmtUx</latexit>
dbar
<latexit sha1_ba se64="Sx4/t67606HQTB445blGCrOi ZCk=">AAACrnicZZFLb9QwEMe94dESX i0cuUSsKnFaJQsSHCv1wrFI7LbSOlr ZzmTXqh+RPQuNonwDzlzha/FtcB6Lyn YkS3//ZsaeB6+U9JimfybRg4ePHh8d P4mfPnv+4uXJ6aultzsnYCGssu6aMw9 KGligRAXXlQOmuYIrfnPR+a++gfPSmq 9YV5BrtjGylIJhQLRYU4RbbDhz7fpk ms7S3pL7IhvFlIx2uT6d/KCFFTsNBoV i3q+ytMK8YQ6lUNDGdOehYuKGbWAVp GEafN70RbfJWSBFUloXjsGkp3czGqa9 rzUPkZrh1h/6OvjPd3bX2aEK9e1BAV h+yhtpqh2CEcP/5U4laJNuMEkhHQhUd RBMOBlaSMSWOSYwjC+mBr4LqzUzRUO NdbpdZXlDFZRI1RIcTjPq5GaL1HW3No 5jWkBJuW8ot6roOrGqHaAuG9oVycs9 4CPgeyAGINg+pwgPFdJXitUe6366faA bAkNBYX/Z4bbui+V8lr2fzb98mJ7Px 00ekzfkLXlHMvKRnJPP5JIsiCAV+Ul+ kd9RGi2jPFoPodFkzHlN/rNo+xevNdj h</latexit>
@RA
<latexit  sha1_base64="G hyGstqBGwviq0d3+ oAxBmZpS7g=">AA ACrnicZZFLb9QwE Me94VXCq4Ujl4hV JU6rZKkExyIuPRbE biuto5XtOLtW/ZI 9AaIo34Bzr+3X4t vgPBaV7UiW/v7Nw+ MZaqXwkKZ/JtGDh 48ePzl4Gj97/uLl q8Oj10tvKsf4ghl p3CUlnkuh+QIESH5 pHSeKSn5Br750/o sf3Hlh9HeoLc8V2 WhRCkYgIIwtcSCI TL6tP68Pp+ks7S25 L7JRTNFo5+ujyW9 cGFYproFJ4v0qSy 3kTVeSSd7GuPLcEn ZFNnwVpCaK+7zpm 26T40CKpDQuHA1J T+9mNER5XysaIhW Brd/3dfCf7/ius0M W1K+9BqD8lDdC2w q4ZsP7ZSUTMEk3m KQQjjOQdRCEORG+ kLAtcYRBGF+MNf/J jFJEFw3Wxql2leU NlrwELJfcwTTDTm y2gF13a+M4xgUvM fUNpkYW3U+MbAeoy gZ3TdJyB+gI6A6w ATCyyylCoUJ4K0n toe6n2we6ITA0FPa X7W/rvljOZ9mH2f zryfR0Pm7yAL1F7 9B7lKGP6BSdoXO0 QAxZdI1u0G2URsso j9ZDaDQZc96g/yz a/gUVSNgr</late xit>
⌫sD )L
<latexit sha1_base64="xu2OKoqPY s74J+r6eUH6IueX7xk=">AAADZXicZVLLbtNAFJ0mPIqhtAXEAhZYRJXYNIrd SLCsBAsWLIpE2kqZKBqPrxMr87BmxjTWaCS+hi38Dl/AbzATu6hpr2TpzLnnX t9XVrFSm9Hoz06vf+/+g4e7j6LHT/ae7h8cPjvXslYUJlQyqS4zooGVAiamNA wuKwWEZwwustXH4L/4DkqXUnwzTQUzThaiLEpKjKfmB6+wqGM9t5+wVzV6KZU hSsmr+IubHwxGw9HG4rsg6cAAdXY2P+yd4FzSmoMwlBGtp8moMjNLlCkpAxfh WkNF6IosYOqhIBz0zG6acPGRZ/K4kMp/wsQb9maEJVzrhmdeyYlZ6tu+QP73Hd 10BqoyfH2rAFN8mNlSVLUBQdv/FzWLjYzDoOK8VEANazwgVJW+hZguiSLU+HF GWMAVlZwTkVsspOJumswsZlAYzM5BmUGCVblYGqzCy0VRhHMocKYtziTLQyeS uZbkhcWhyKy4JrKOyK4J2hKUXMfkPlFe6oqRRptmM92NULVCX1C0XeT2fkO50 5OwnVYOzOJlJtcWq5rB1KfmsK4UDrsIWKQpNrA24Z0eD9PKNwaMrGd2kDg7HF fGOcxXoMTxmNddqjBRr7cTZ/05NM5yZ4XDbe92nDhvkT+z5PZR3QXn6TA5GaZ fx4PTtDu4XfQavUXvUILeo1P0GZ2hCaLoB/qJfqHfvb/9vf6L/stW2tvpYp6j Leu/+QeJzSBK</latexit>
dbar
<latexit sha1_base64="Sx4/t6760 6HQTB445blGCrOiZCk=">AAACrnicZZFLb9QwEMe94dESXi0cuUSsKnFaJQsS HCv1wrFI7LbSOlrZzmTXqh+RPQuNonwDzlzha/FtcB6LynYkS3//ZsaeB6+U9 JimfybRg4ePHh8dP4mfPnv+4uXJ6aultzsnYCGssu6aMw9KGligRAXXlQOmuY IrfnPR+a++gfPSmq9YV5BrtjGylIJhQLRYU4RbbDhz7fpkms7S3pL7IhvFlIx 2uT6d/KCFFTsNBoVi3q+ytMK8YQ6lUNDGdOehYuKGbWAVpGEafN70RbfJWSBF UloXjsGkp3czGqa9rzUPkZrh1h/6OvjPd3bX2aEK9e1BAVh+yhtpqh2CEcP/5U 4laJNuMEkhHQhUdRBMOBlaSMSWOSYwjC+mBr4LqzUzRUONdbpdZXlDFZRI1RI cTjPq5GaL1HW3No5jWkBJuW8ot6roOrGqHaAuG9oVycs94CPgeyAGINg+pwgP FdJXitUe6366faAbAkNBYX/Z4bbui+V8lr2fzb98mJ7Px00ekzfkLXlHMvKRn JPP5JIsiCAV+Ul+kd9RGi2jPFoPodFkzHlN/rNo+xevNdjh</latexit>
sL
<latexit sha1_base64="ITghNTxkK BW//y8XWLJ/TE/YIZc=">AAACWXicbVDLSsQwFE3ra6xvXbopDoKroR0FXYng xoULBUeFaRmS9FaDeZQkVYbQb3Crnyb+jOnMLHxdCBzOPffek0MqzoxNko8gn JtfWFzqLEcrq2vrG5tb27dG1ZrCgCqu9D3BBjiTMLDMcrivNGBBONyRp/O2f/ cM2jAlb+y4glzgB8lKRrH11MCM3GUz2uwmvWRS8V+QzkAXzepqtBWcZoWitQB pKcfGDNOksrnD2jLKoYmy2kCF6RN+gKGHEgswuZu4beJ9zxRxqbR/0sYT9vuE w8KYsSBeKbB9NL97Lflfb1jb8iR3TFa1BUmnh8qax1bF7dfjgmmglo89wFQz7z Wmj1hjan1AUZQVUGaidFm7mZTNlCDGZUTxonWkeBP9dEOpj8B4qYQXqoTAsnB ZTbBuhmnukSxAT0V+i2ddN238Dp94+jvfv+C230sPe/3ro+5Zf5Z9B+2iPXSA UnSMztAFukIDRBFDr+gNvQefYRB2wmgqDYPZzA76UeHOFz6otcU=</latexit >
xA
<latexit sha1_base64="0MevKHPTo qz5EqMkiqgEke4O+do=">AAADUHicZVLLjtMwFPW0PIbwmoElm4hqJDZTNWkl WA5iw3KQaDtSHVWOczON6kdkO0wjyx/BFv6KHX/CDuymRTOdK0U5Pvf4+r7ym lXajEa/j3r9Bw8fPT5+Ej199vzFy5PTVzMtG0VhSiWT6ionGlglYGoqw+CqVk B4zmCerz8F//wbKF1J8dW0NWScXIuqrCgxnppjXsab5cflyWA0HG0tvg+SHRi gnV0uT3tjXEjacBCGMqL1IhnVJrNEmYoycBFuNNSErsk1LDwUhIPO7DZfF595 pohLqfwnTLxlb9+whGvd8twrOTErfegL5H/f2W1noGrDNwcJmPJDZitRNwYE7d 4vGxYbGYeexEWlgBrWekCoqnwJMV0RRajxnYuwgBsqOSeisFhIxd0iySxmUBr MZqDMIMGqul4ZrMLJRVGECyhxri3OJStCJZK5juSlxSHJvNwT+Y7I9wTtCEr2 dwofqKh0zUirTbvt7laoOqFPKLqbpB94q1dSGaKUvAnpLsZhOp0cmMWrXG4sV g2DhQ/NYVMrHGYRsEhTbGBjwjk9H6a1LwwY2WR2kDg7nNTGOczXoMT5hDe7UK GjXm+nzvp1aJ3lzgqHu9rtJHHeIr9myeFS3QezdJiMh+mXyeAi3S3cMXqD3qJ 3KEHv0QX6jC7RFFG0Rt/RD/Sz96v3p/e3f9RJe7s/eo3uWD/6B9tHGWo=</la texit>
sD
<latexit sha1_base64="tTezqmZtK KITVaIF0fosg6hpYc4=">AAACWXicbVDLSsQwFE3ra6xvXbopDoKroR0FXYmg C5cKjgrTMiTprQbzKEmqDKHf4FY/TfwZ05lZ+LoQOJx77r0nh1ScGZskH0E4N 7+wuNRZjlZW19Y3Nre2b42qNYUBVVzpe4INcCZhYJnlcF9pwIJwuCNP523/7h m0YUre2HEFucAPkpWMYuupgRm5i2a02U16yaTivyCdgS6a1dVoKzjNCkVrAdJ Sjo0Zpkllc4e1ZZRDE2W1gQrTJ/wAQw8lFmByN3HbxPueKeJSaf+kjSfs9wmH hTFjQbxSYPtofvda8r/esLblSe6YrGoLkk4PlTWPrYrbr8cF00AtH3uAqWbea0 wfscbU+oCiKCugzETpsnYzKZspQYzLiOJF60jxJvrphlIfgfFSCS9UCYFl4bK aYN0M09wjWYCeivwWz7pu2vgdPvH0d75/wW2/lx72+tdH3bP+LPsO2kV76ACl 6BidoUt0hQaIIoZe0Rt6Dz7DIOyE0VQaBrOZHfSjwp0vLxi1vQ==</latexit >
@RA
<latexit sha1_base64="GhyGstqBG wviq0d3+oAxBmZpS7g=">AAACrnicZZFLb9QwEMe94VXCq4Ujl4hVJU6rZKkE xyIuPRbEbiuto5XtOLtW/ZI9AaIo34Bzr+3X4tvgPBaV7UiW/v7Nw+MZaqXwk KZ/JtGDh48ePzl4Gj97/uLlq8Oj10tvKsf4ghlp3CUlnkuh+QIESH5pHSeKSn 5Br750/osf3Hlh9HeoLc8V2WhRCkYgIIwtcSCITL6tP68Pp+ks7S25L7JRTNF o5+ujyW9cGFYproFJ4v0qSy3kTVeSSd7GuPLcEnZFNnwVpCaK+7zpm26T40CK pDQuHA1JT+9mNER5XysaIhWBrd/3dfCf7/ius0MW1K+9BqD8lDdC2wq4ZsP7ZS UTMEk3mKQQjjOQdRCEORG+kLAtcYRBGF+MNf/JjFJEFw3Wxql2leUNlrwELJf cwTTDTmy2gF13a+M4xgUvMfUNpkYW3U+MbAeoygZ3TdJyB+gI6A6wATCyyylC oUJ4K0ntoe6n2we6ITA0FPaX7W/rvljOZ9mH2fzryfR0Pm7yAL1F79B7lKGP6 BSdoXO0QAxZdI1u0G2URssoj9ZDaDQZc96g/yza/gUVSNgr</latexit>
xA
<latexit sha1_ba se64="0MevKHPToqz5EqMkiqgEke4O +do=">AAADUHicZVLLjtMwFPW0PIbwm oElm4hqJDZTNWklWA5iw3KQaDtSHVW OczON6kdkO0wjyx/BFv6KHX/CDuymRT OdK0U5Pvf4+r7ymlXajEa/j3r9Bw8f PT5+Ej199vzFy5PTVzMtG0VhSiWT6io nGlglYGoqw+CqVkB4zmCerz8F//wbKF 1J8dW0NWScXIuqrCgxnppjXsab5cfl yWA0HG0tvg+SHRignV0uT3tjXEjacBC GMqL1IhnVJrNEmYoycBFuNNSErsk1L DwUhIPO7DZfF595pohLqfwnTLxlb9+w hGvd8twrOTErfegL5H/f2W1noGrDNw cJmPJDZitRNwYE7d4vGxYbGYeexEWlg BrWekCoqnwJMV0RRajxnYuwgBsqOSe isFhIxd0iySxmUBrMZqDMIMGqul4ZrM LJRVGECyhxri3OJStCJZK5juSlxSHJ vNwT+Y7I9wTtCEr2dwofqKh0zUirTbv t7laoOqFPKLqbpB94q1dSGaKUvAnpL sZhOp0cmMWrXG4sVg2DhQ/NYVMrHGYR sEhTbGBjwjk9H6a1LwwY2WR2kDg7nNT GOczXoMT5hDe7UKGjXm+nzvp1aJ3lz gqHu9rtJHHeIr9myeFS3QezdJiMh+mX yeAi3S3cMXqD3qJ3KEHv0QX6jC7RFF G0Rt/RD/Sz96v3p/e3f9RJe7s/eo3uW D/6B9tHGWo=</latexit>
RT 0
<latexit sha1_ba se64="a/OREX6OQAV3sPzB1ttyc7HP RTI=">AAACkXicfZHdahRBEIV7x6jJ+ JPEXOamcRFFZJmJAfVuUS8CIZhINgl sL6G6p2bTpH+G7h5xGfY1vNXX8m3Ssz sLmogFDYevTtHFKV4p6UOW/e4l99bu P3i4vpE+evzk6ebW9rMzb2sncCSssu6 Cg0clDY6CDAovKoegucJzfv2p7Z9/Q+ elNadhVuFEw9TIUgoIETGmS/qVMu7p 6cvLrX42yBZF74q8E33S1fHlds+ywop aowlCgffjPKvCpAEXpFA4T1ntsQJxD VMcR2lAo580i6Xn9EUkBS2ti88EuqB/ TjSgvZ9pHp0awpW/3Wvhv3rjOpTvJ4 00VR3QiOVHZa1osLRNgBbSoQhqFgUIJ +OuVFyBAxFiTmmasgLLmEjDuFVFu4F V8yXUZcPa/3i5ArwDfAXEEghoZz5jjM XhUQRfKnQQrHvdMHBTDd/nMaYpe9Oq /xmlWRmjSuOJ8tsHuSvO9gb528HeyX5 /uN8da53skufkFcnJOzIkB+SYjIggF flBfpJfyU7yIRkmH5fWpNfN7JC/Kjm8 AYXwyl8=</latexit>
Fig. 7. Proof of the identity dbar = −νJ∗L.
is completed if we can show the following identity:
−dbar(sD,xA) =
{
νJ∗L(sD,xA) if xA ∈ ΩL(sD)
νJ∗R(sD,xA) otherwise.
(25)
In the following we prove the case with xA ∈ ΩL(sD).
We first show that the point x∗ in RA that is closest
from xA lies on the straight line from xA to γ(sL) (see
Fig. 7). It suffices to show that xA )L is perpendicular to
the tangent of the barrier ∂RA at x∗, denoted by B.
We can treat sL as a parameter to express a point, xbar,
on the left barrier ∂RA as follows:
xbar(sL) = γ(sL)− νsD )LRT (sL),
where R ∈ R2×2 denotes the matrix for ccw rotation by
φ∗L. The tangent is obtained by
B , dxbar
dsL
= T − νRT − νsD )LRT ′,
where T ′ = dT (sL)dsL denotes the normal vector of γ. The
inner product with xˆA )L gives
B · xˆA )L = T · xˆA )L − νRT · xˆA )L − νsD )LRT ′ · xˆA )L
= cos(φ∗L)− ν(xˆA )L · xˆA )L)− 0
= 0,
where from the first to second line we used RT = xˆA )L
and RT ′ · xˆA )L = 0.
Now, the distance between xA and x
∗ is
dbar = ‖xA )L‖ − νsD )L = −νJ∗L.
The case with xA ∈ ΩR can be shown similarly. 
(a)
D
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(b)
Fig. 8. Circular perimeter case. (a) States [r, θ] and the in-
truder’s heading angle ψA. (b) Computation of the approach
angle φ∗.
Unlike the intruder strategy, it is easy to see that the
defender strategy will stay the same even if the objective
is chosen to be the minimum time capture.
3.4 Special Cases
This section discusses how the results provided in the
preceding sections accommodate the two special cases
considered in our previous work [30]: circular perimeter
case, and equal speed case.
When the perimeter is a circle with radius R, the sym-
metry allows us to reduce the state space to [r, θ], where
r is the intruder’s radial distance from the perimeter,
and θ ∈ [−pi, pi] is the relative polar angle between the
defender and the intruder with respect to the center of
the circle.
Whether the intruder is in the left region or the right
region is determined by the sign of θ: xA ∈ ΩL(sD) if
θ > 0, and xA ∈ ΩR(sD) if θ < 0. The singular surfaces
correspond to the lines θ = 0 and θ = ±pi. The intruder
control is parameterized by its speed vA and the heading
ψA as shown in Fig. 8a.
Theorem 4 (from [30]) For a circular perimeter, the
optimal strategies are
ω∗D = sgn(θ), and (26)
(v∗A, ψ
∗
A) =
(
ν, sgn(θ) sin−1
(
νR
R+ r
))
, (27)
and the value of the game is
V (r, θ; ν) = |θ| − F (r) + F (0), (28)
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where
F (r) =
√(
R+ r
νR
)2
− 1− cos−1
(
νR
R+ r
)
. (29)
The sign function accommodates the switching between
the left and the right regions.
The intrusion strategy further allows a geometric inter-
pretation: the optimal path of the intruder is to move
towards the tangent point of the circle with radius νR
(see Fig. 8b) [30]. To verify this result with the strategy
given in (15), we compute the approach angle as follows.
The angle α in Fig. 8b is α = sin−1
(
νR
R
)
= sin−1(ν).
The approach angle is φ∗ = pi − pi2 − α = pi2 − sin−1(ν),
which gives the relation φ∗ = cos−1(ν). Recalling the re-
sults in (4), the circular case matches with our analysis
in this paper.
The other special case is when the speed ratio is ν =
1. Notice that the objective function now has the form
J∗L = sD )L − ‖xA )L‖, in which case the level set V = 0
is generated by the locus of intruder positions where
‖xA )L‖ = sD )L (and similarly for the right breaching
points). In addition, recalling Remark 1, the optimal
breaching points are sL = stan,L and sR = stan,R. These
properties are sufficient to see that the barrier ∂RA is
given by a curve called the involute — a locus of the tip
of a taut string unwound from the geometry. The left and
the right part of the barrier corresponds to unwinding
the string in ccw and cw directions.
4 Two vs. One Game
The next building block is the game played between two
defenders (Di, Dj) and one intruder. The states of the
system are now [sDi , sDj ,xA]. We follow the same struc-
ture as the previous section and discuss both the game
of kind and the game of degree.
4.1 Geometries
A naive extension of the one vs. one game will conclude
that the intruder will win if it is in the winning region
against both defenders Di and Dj , i.e., if xA is in
RI , {x |V (sDi ,x) > 0 and V (sDj ,x) > 0}. (30)
The subscript I is used to reflect the fact that the games
against Di and Dj are independently considered. How-
ever, since the intruder has to avoid both Di and Dj
simultaneously, the optimal intrusion strategy and the
winning regions cannot be obtained by treating Di and
Dj separately.
irrelevant 
region
Ri
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Fig. 9. Regions in the two vs. one game. (a) Game space
divided by the two afferent surfaces. (b) Further division
into three regions based on the location of the left and right
breaching points.
Observe that now the game space is divided into two
parts by Γaff(sDi) and Γaff(sDj ) (see Fig. 9a). We showed
in Sec. 3.2 that the intruder cannot win if it reaches the
afferent surface, so xA ∈ Γaff(sDi) ∪ Γaff(sDj ) is a part
of the terminal condition. Since xA never crosses these
surfaces, we can focus our attention on the part of the
game space that contains the intruder (shaded region
in Fig. 9a) and ignore the other. Without the loss of
generality, we define Di to be the one on the cw side and
Dj to be the one on ccw side (Fig. 9a).
The opposite point sopD was important in the one vs.
one game because it was the farthest point from the de-
fender. The analogy in the two vs. one game is the mid-
point, smid, between the two defenders, which achieves
the maximum distance from the nearest defender.
In deriving the intruder strategy, we consider the follow-
ing quantity:
Jij = min{sDi )B , sB )Dj} −
1
ν
‖γ(sB)− xA‖, (31)
where the subscript ij denotes the indices of the defend-
ers. The interpretation is similar to JL and JR in Sec. 3. It
is the expected safe distance assuming that (i) Di moves
ccw, (ii) Dj moves cw, and (iii) the intruder moves on a
straight line path towards some breaching point sB .
For this function, we can consider three cases depending
on where sB lies in:
Jij =

JL(sB ; sDi ,xA) if sB ∈ [sDismid)
JR(sB ; sDj ,xA) if sB ∈ (smidsDj ]
Jmid(sDi , sDj ,xA) otherwise: sB = smid,
(32)
where
Jmid ,
1
2
sDi )Dj −
1
ν
‖γ(smid)− xA‖ (33)
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describes how much longer it takes for the defenders
to reach smid than it does for the intruder. Such divi-
sion is possible because only Di’s position is active in
the calculation of Jij when the breaching point is in
[sDismid), and similarly onlyDj ’s position matters when
sB ∈ (smidsDj ].
Following the above decomposition, the game space that
contains the intruder can be further divided into three
regions (see Fig. 9b):
Ri = {xA | sL ∈ [sDismid)}
Rj = {xA | sR ∈ (smidsDj ]} (34)
Rmid = {xA | sL /∈ [sDismid), sR /∈ (smidsDj ]}.
If xA ∈ Ri(sDi , sDj ), the intruder can move towards sL
to play optimally againstDi without consideringDj , be-
cause sDj will not be active in Jij . Similarly when xA ∈Rj(sDi , sDj ), the intruder can ignore Di and choose sR
to play optimally againstDj . However, when xA ∈ Rmid,
the intruder cannot simply choose one defender to play
against because the optimal behavior against Di makes
Dj to be the active defender and vice versa. A good com-
promise in this case is to approach smid.
Now we have a candidate intrusion strategy:
u∗A = νxˆA )opt (35)
where xˆA )opt =
γ(sopt)−xA)
‖γ(sopt)−xA‖ , and the optimal breaching
point is defined by
sopt(xA, sD1 , sD2) =

sL if xA ∈ Ri(sDi , sDj )
sR if xA ∈ Rj(sDi , sDj )
smid otherwise.
(36)
The associated value (to be proved in Theorem 6) is
given in the following:
Vij =

J∗L(sDi ,xA) if xA ∈ Ri(sDi , sDj )
J∗R(sDj ,xA) if xA ∈ Rj(sDi , sDj )
Jmid(sDi , sDj ,xA) otherwise,
(37)
where the regions are defined in (34). Fig. 10a shows the
level sets of Vij(sDi , sDj ,xA). Each level set is a combi-
nation of three curves: the two level sets from the one
vs. one games and a circle centered at smid. Specifically,
the zero level set {xA |Vij(sDi , sDj ,xA) = 0} is a com-
bination of the two barriers, and a circle with radius
c = 12νsDi )Dj (see Fig. 10b).
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Fig. 10. (a) Level set of Vij . (b) Geometric construction of
the zero level set of Vij .
4.2 Winning Regions
Analogous to the two-player game, we define the intruder
winning region by
RC(sDi , sDj ) , {xA |Vij(sDi , sDj ,xA) > 0}. (38)
The subscript C is used to highlight the cooperative na-
ture of the defense strategy. The following lemma gives
a sufficient condition for intruder’s victory:
Lemma 4 If the initial configuration satisfies xA(t0) ∈
RC(sDi(t0), sDj (t0)), then regardless of the defender’s
strategy, the intruder wins the game of kind using u∗A
defined in (35).
PROOF. If the intruder starts inRi∩RC , then it wins
against Di by approaching sL since J
∗
L(sDi ,xA) > 0.
Although sL is suboptimal against Dj , the intruder still
wins because sL )Dj (t0) > sDi )L(t0): Dj is farther from
sL than Di. With the same argument, the intruder wins
if it starts in Rj ∩RC . Finally, if xA ∈ Rmid ∩RC , then
the intruder can reach smid before either of the defenders
because Jmid > 0. 
Observe that the intruder-winning region RC is smaller
than RI derived from the one vs. one game analysis.
The gap is generated by the cooperation between the
defenders.
Definition 4 The paired-defense region is defined
by:
Rpair(sDi , sDj ) = RI(sDi , sDj )−RC(sDi , sDj ). (39)
The next lemma shows that xA ∈ RC is also a necessary
condition for the intruder to win the game of kind:
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<latexit sha1_ba se64="yiGJlWEHqvceadyFLFqYbMfY 5QM=">AAACYHicbVDLThsxFHWGPtLpA wK7djNqVKmraCYg0VWFxKZLkBpAikeR 7bkDFn6M7DvQyJrfYAu/1W2/pJ4kiw K9kqWjc889Pjq8UdJjnv8eJFsvXr56P XyTvn33/sP2zmj3zNvWCZgJq6y74My DkgZmKFHBReOAaa7gnF8f9/vzG3BeWv MTlw2Uml0aWUvBMFLULyjCLwxaVt1iZ 5xP8tVkz0GxAWOymZPFaPCdVla0Ggw KxbyfF3mDZWAOpVDQpbT10DBxzS5hHq FhGnwZVqG77Etkqqy2Lj6D2Yr99yIw 7f1S86jUDK/8011P/m83b7H+VgZpmhb BiPVHdasytFnfQFZJBwLVMgImnIxZM 3HFHBMYe0pTWkFNdR1o78zrbk1wHyi3 quoTWdWlj9MIESvwUWrgVlitmakCbTl z3bwoIzIVuLUoukQ2jIsuesTGi6f9P gdn00mxP5meHoyPppvuh+QT+Uy+koIc kiPyg5yQGRGkIXfknjwM/iTDZDsZra XJYHOzRx5N8vEvTGG5Gg==</latexit >
smid
<latexit sha1_base64="yiGJlWEHq vceadyFLFqYbMfY5QM=">AAACYHicbVDLThsxFHWGPtLpAwK7djNqVKmraCYg 0VWFxKZLkBpAikeR7bkDFn6M7DvQyJrfYAu/1W2/pJ4kiwK9kqWjc889Pjq8U dJjnv8eJFsvXr56PXyTvn33/sP2zmj3zNvWCZgJq6y74MyDkgZmKFHBReOAaa7 gnF8f9/vzG3BeWvMTlw2Uml0aWUvBMFLULyjCLwxaVt1iZ5xP8tVkz0GxAWOy mZPFaPCdVla0GgwKxbyfF3mDZWAOpVDQpbT10DBxzS5hHqFhGnwZVqG77Etkq qy2Lj6D2Yr99yIw7f1S86jUDK/8011P/m83b7H+VgZpmhbBiPVHdasytFnfQF ZJBwLVMgImnIxZM3HFHBMYe0pTWkFNdR1o78zrbk1wHyi3quoTWdWlj9MIESv wUWrgVlitmakCbTlz3bwoIzIVuLUoukQ2jIsuesTGi6f9Pgdn00mxP5meHoyPp pvuh+QT+Uy+koIckiPyg5yQGRGkIXfknjwM/iTDZDsZraXJYHOzRx5N8vEvTG G5Gg==</latexit>
Di
<latexit sha1_base64="yMNgyq5uh HVvkqbBirUz5s/Q0mU=">AAACV3icbVDLSsNAFJ3EV42vVpdugkVwVZIq6EoE XbhUtCo0ocxMburgPMLMRCkhn+BWv82v0Unbha8LA4dzz733zCEFZ8ZG0YfnL ywuLa+0VoO19Y3NrXZn+86oUlMYUMWVfiDYAGcSBpZZDg+FBiwIh3vydN70759 BG6bkrZ0UkAo8lixnFFtH3VyM2KjdjXrRtMK/IJ6DLprX1ajjnSaZoqUAaSnH xgzjqLBphbVllEMdJKWBAtMnPIahgxILMGk19VqH+47Jwlxp96QNp+z3iQoLY yaCOKXA9tH87jXkf71hafOTtGKyKC1IOjuUlzy0Kmw+HmZMA7V84gCmmjmvIX 3EGlPr4gmCJIM8EXmVNJtJXs8IYqqEKJ41jhSvg59uKHURGCeV8EKVEFhmVVI SrOthnDokM9Azkdvi2Kob126HSzz+ne9fcNfvxYe9/vVR96w/z76FdtEeOkAxO kZn6BJdoQGiaIxe0Rt69z68T3/Zb82kvjef2UE/yu98AREKtaY=</latexit>
Dj
<latexit  sha1_base64="P bgBVH/SChjLr5cmt cd2bg21614=">AA ACV3icbVDLSsNAF J3EV43P6tJNsAiuS lIFXYmgC5eKVoUm lJnJTR2dR5iZKCX kE9zqt/k1Omm78HV h4HDuufeeOaTgzN go+vD8ufmFxaXWc rCyura+sdneujWq 1BT6VHGl7wk2wJmE vmWWw32hAQvC4Y4 8nTX9u2fQhil5Y8 cFpAKPJMsZxdZR1+ fDx+FmJ+pGkwr/g ngGOmhWl8O2d5Jk ipYCpKUcGzOIo8K mFdaWUQ51kJQGCky f8AgGDkoswKTVxG sd7jkmC3Ol3ZM2n LDfJyosjBkL4pQC2 wfzu9eQ//UGpc2P 04rJorQg6fRQXvL QqrD5eJgxDdTysQO Yaua8hvQBa0ytiy cIkgzyRORV0mwme T0liKkSonjWOFK8 Dn66odRFYJxUwgtV QmCZVUlJsK4Hceq QzEBPRW6LY6tOXL sdLvH4d75/wW2vGx 90e1eHndPeLPsW2 kG7aB/F6Aidogt0 ifqIohF6RW/o3fv wPv1FvzWV+t5sZhv 9KL/9BRL7tac=</ latexit>
Rpair
<latexit sha1_ba se64="6LwTjItBv3fg+4Jde8zHJxNm ehg=">AAACenicbVFNa9tAEF2rX6n75 aTHXkRMoaVgJCfQHgO99OiWOgl4hRmN RsmS/RC7qzZm0V/ptf1L/S89dGXr0C QdWHi8eTP7eFM2UjifZb9Hyb37Dx4+2 ns8fvL02fMXk/2DU2dai7REI409L8G RFJqWXnhJ540lUKWks/LqY98/+0bWCa O/+k1DhYILLWqB4CO1nhxwheFLt+aer n1oQNhuPZlms2xb6V2QD2DKhlqs90c LXhlsFWmPEpxb5VnjiwDWC5TUjXnrqA G8ggtaRahBkSvC1nyXvo5MldbGxqd9 umX/nQignNuoMioV+Et3u9eT/+utWl9 /KILQTetJ4+6jupWpN2mfRFoJS+jlJ gJAK6LXFC/BAvqY13jMK6q5qgPvN5d1 tyNKF3hpZNU7MnIgY4RbFUJkbvpDjKG 4qNP0HY1SoKvA2xJst8qLiHRFdieKe yMbpnkXd8Qb5LcTvwtO57P8aDb/fDw9 mQ/X2GOv2CF7w3L2np2wT2zBlgzZNf vBfrJfoz/JYfI2ebeTJqNh5iW7UcnxX 5CDw1c=</latexit>
RC
<latexit sha1_ba se64="x+OrE7sFBFOYIz+gCkhR+nwe xXI=">AAACd3icbVHLbtswEKTVRxI3b Zzm2EOFGg1yMiS3QHsMkEuPTlAnAUzB IFerhAgfAkk1NQh9Sa/tR/VTegtl65 BHFyAwmJ1dDmZ5LYXzWfZ3kDx7/uLl1 vbO8NXu6zd7o/235840FnAORhp7yZl DKTTOvfASL2uLTHGJF/zmpOtf/EDrhN Hf/arGQrErLSoBzEdqOdqjCsJZu6Qef /pw0i5H42ySrSt9CvIejElfs+X+YEZ LA41C7UEy5xZ5VvsiMOsFSGyHtHFYM7 hhV7iIUDOFrghr5236MTJlWhkbn/bp mr0/EZhybqV4VCrmr93jXkf+r7dofPW 1CELXjUcNm4+qRqbepF0MaSksgperC BhYEb2mcM0sAx/DGg5piRVVVaDdZl61 G4K7QLmRZefIyJ6M+a1VwCLz0B9ADMV FncZbMEoxXQbacGbbRV5EpEu0G1HcG 9kwztu4I94gf5z4U3A+neSfJtPTz+Pj aX+NbfKOfCBHJCdfyDH5RmZkToA05B f5Tf4M/iXvk8PkaCNNBv3MAXlQSX4HN QTB0A==</latexit>
xA
<latexit sha1_ba se64="IpvmRP4uopQgWGE/lBrOcRl9 Mho=">AAACbXicbVHLbtQwFPWEQssU6 AOxoqosRghWo2SK1C6L2HQ5SEyn0iQa 2Tc3rTV+RLYDjKJ8RLfwZXwFv1Bnkg VtuZKlo3OPr4/P5aUUzsfxn0H0ZOvps +2d58PdFy9f7e0fHF46U1nAGRhp7BV nDqXQOPPCS7wqLTLFJc756kvbn39H64 TR3/y6xEyxay0KAcwHap6qgv5cfl7uj +JxvCn6GCQ9GJG+psuDwTTNDVQKtQf JnFskcemzmlkvQGIzTCuHJYMVu8ZFgJ opdFm98dvQ94HJaWFsONrTDfvvjZop 59aKB6Vi/sY97LXk/3qLyhdnWS10WXn U0D1UVJJ6Q9vP01xYBC/XATCwInilc MMsAx8iGg7THIuQSJ22k3nRdAR3dcqN zFtHRvakgk4FLDD3/QGEUFzQafwBRim m8zqtOLPNIskC0jnaThTmBrYeJU2YE XaQPEz8MbicjJOT8eTrp9H5pN/GDnlL 3pGPJCGn5JxckCmZESArckt+kd+Dv9 Gb6Cg67qTRoL/zmtyr6MMdvyG9hQ==< /latexit>
Di
<latexit sha1_base64="yMNgyq5uh HVvkqbBirUz5s/Q0mU=">AAACV3icbVDLSsNAFJ3EV42vVpdugkVwVZIq6EoE XbhUtCo0ocxMburgPMLMRCkhn+BWv82v0Unbha8LA4dzz733zCEFZ8ZG0YfnL ywuLa+0VoO19Y3NrXZn+86oUlMYUMWVfiDYAGcSBpZZDg+FBiwIh3vydN70759 BG6bkrZ0UkAo8lixnFFtH3VyM2KjdjXrRtMK/IJ6DLprX1ajjnSaZoqUAaSnH xgzjqLBphbVllEMdJKWBAtMnPIahgxILMGk19VqH+47Jwlxp96QNp+z3iQoLY yaCOKXA9tH87jXkf71hafOTtGKyKC1IOjuUlzy0Kmw+HmZMA7V84gCmmjmvIX 3EGlPr4gmCJIM8EXmVNJtJXs8IYqqEKJ41jhSvg59uKHURGCeV8EKVEFhmVVI SrOthnDokM9Azkdvi2Kob126HSzz+ne9fcNfvxYe9/vVR96w/z76FdtEeOkAxO kZn6BJdoQGiaIxe0Rt69z68T3/Zb82kvjef2UE/yu98AREKtaY=</latexit>
Dj
<latexit sha1_base64="PbgBVH/SC hjLr5cmtcd2bg21614=">AAACV3icbVDLSsNAFJ3EV43P6tJNsAiuSlIFXYmg C5eKVoUmlJnJTR2dR5iZKCXkE9zqt/k1Omm78HVh4HDuufeeOaTgzNgo+vD8u fmFxaXWcrCyura+sdneujWq1BT6VHGl7wk2wJmEvmWWw32hAQvC4Y48nTX9u2f Qhil5Y8cFpAKPJMsZxdZR1+fDx+FmJ+pGkwr/gngGOmhWl8O2d5JkipYCpKUc GzOIo8KmFdaWUQ51kJQGCkyf8AgGDkoswKTVxGsd7jkmC3Ol3ZM2nLDfJyosj BkL4pQC2wfzu9eQ//UGpc2P04rJorQg6fRQXvLQqrD5eJgxDdTysQOYaua8hv QBa0ytiycIkgzyRORV0mwmeT0liKkSonjWOFK8Dn66odRFYJxUwgtVQmCZVUl JsK4HceqQzEBPRW6LY6tOXLsdLvH4d75/wW2vGx90e1eHndPeLPsW2kG7aB/F6 Aidogt0ifqIohF6RW/o3fvwPv1FvzWV+t5sZhv9KL/9BRL7tac=</latexit>
RI
<latexit sha1_base64="HgZNozuxl e54FjSBJH978d1SuQM=">AAACbXicbZHPbtQwEMa9gdKyFNpScQIhi1VVTqtk i0SPlXqB24LYbqVNtLInk9Za/4lsB7SK8hC9wpP1KXiFOpscaMtIlj795vN4P MNLKZyP49tB9OTp1rPtnefDF7svX+3tH7y+cKaygDMw0thLzhxKoXHmhZd4WVp kikuc89V5m5//ROuE0T/8usRMsSstCgHMBzRPFdDvy6/L/VE8jjdBH4ukFyPS x3R5MJimuYFKofYgmXOLJC59VjPrBUhshmnlsGSwYle4CFIzhS6rN/029CiQn BbGhqM93dB/b9RMObdWPDgV89fuYa6F/8stKl+cZrXQZeVRQ/dQUUnqDW0/T3 NhEbxcB8HAitArhWtmGfgwouEwzbFIVVGnbWVeNB3grk65kXnbkZE9VNC5gAV yvz+AMBQXfBp/gVGK6bxOK85ss0iyoHSOtjOFuoHWo6QJNcIOkocTfywuJuPkZ Dz59ml0Num3sUPekg/kI0nIZ3JGvpApmREgK3JDfpM/g7/Rm+hd9L6zRoP+zi G5F9HxHXxmvWQ=</latexit>
Fig. 11. Paired-defense region. (a) Intruder starts in Rpair.
Neither Di nor Dj has a guarantee to win from the one vs.
one game analysis because xA ∈ RI . (b) Pincer maneuver by
the defender pair pushes the intruder out from Rpair, while
also avoiding it to enter RC . At this time, Dj can guarantee
its victory using one vs. one strategy since xA ∈ RD(i).
Lemma 5 If the initial configuration satisfies xA ∈
Rpair(sDi , sDj ), and if the defender pair uses a
pincer movement [ωDi , ωDj ] = [1,−1], then either
xA ∈ RD(sDi) or xA ∈ RD(sDj ) occurs before the in-
truder reaches the perimeter: i.e., the defender pair wins.
PROOF. Observe that Rpair shrinks as the two de-
fender get closer and disappears when the two meet at
the midpoint. Hence, the intruder will exit Rpair in fi-
nite time. There are only three ways to exit Rpair: enter
RD(sDi), enter RD(sDj ), or enter RC(sDi , sDj ). How-
ever, the intruder cannot enter RC because its speed ν
cannot exceed the rate at which the radius of the cir-
cle (i.e., the distance between the defenders) decreases:
c˙ = 12ν
d
dtsDi )Dj =
1
2ν(−1 − 1) = −ν. Therefore, xA
enters either RD(sDi) or RD(sDj ). 
Recalling that xA ∈ RD(sDi) ∪RD(sDj ) trivially leads
to capture based on the solution to the one vs. one game,
the only region that the intruder can guarantee its vic-
tory is RC(sDi , sDj ).
Theorem 5 The zero level set of Vij defined in (37)
is the barrier of the game (of kind) played between two
defenders and one intruder.
The result directly follows from Lemmas 2, 5 and 4.
4.3 Optimality of the Strategies
Consider the intruder winning configuration. The payoff
function in (20) can be modified to
P1(ωDi , ωDj ,uA) = min{sDi )B(tF ), sB )Dj (tF )}, (40)
to describe the safe distance at the time of breaching.
Theorem 6 If the initial configuration is xA ∈
RC(sDi , sDj ), and if the players use P1 in (40) as the
objective function, then u∗A in (35), (36) and the pincer
maneuver [ωDi , ωDj ] = [1,−1] form equilibrium strate-
gies, and the value of the game is Vij in (37).
PROOF. Similar to the proof of Theorem 2, we can
see that P1 = Vij along the terminal surface. Therefore,
the increase (resp. reduction) in P1 is equivalent to the
increase (resp. reduction) in Vij(tF ). To prove the opti-
mality, we will show that
V˙ij(ω
∗
D,uA) ≤ V˙ij(ω∗D,u∗A) = 0 ≤ V˙ij(ωD,u∗A), (41)
where ωD = [ωDi , ωDj ], and ω
∗
D = [1,−1]. The above
inequality indicates that any unilateral change in the
strategy will result in a suboptimal performance.
Recall that Vij = J
∗
L when xA ∈ Ri. In this case, the
inequality is shown using the time derivative J˙∗L in the
proof of Theorem 2. The case with xA ∈ Rj is simi-
larly straightforward. However, the case xA ∈ Rmid has
not been considered yet. For example, can the defend-
ers move in the same direction ω∗D = [1, 1] to move smid
away from the intruder? We will investigate this using
the time derivative V˙ij = J˙mid:
J˙mid =
1
2
(ωDj − ωDi)−
xˆA )mid
ν
· (s˙midT (smid)− uA)
=
1
2
(
(1− β)ωDj − (1 + β)ωDi
)
+
1
ν
xˆA )mid · uA,
where we used s˙mid =
1
2 (ωDj + ωDi) and defined
β , xˆA )mid · T (smid)
ν
=
cosφ(smid)
ν
.
From the conditions on sL and sR (see (34)), the ap-
proach angle at smid satisfies φ
∗
L ≤ φ(smid) ≤ φ∗R when
xA ∈ Rmid. Hence, we have | cosφ(smid)| < ν, or equiv-
alently, |β| < 1 when xA ∈ Rmid. Therefore, both 1− β
and 1 + β are positive, and we have
[1,−1] = arg min
ωD
max
uA
J˙∗mid(ωD,uA),
νxˆA )mid = arg max
uA
min
ωD
J˙∗mid(ωD,uA),
and minωD maxuA J˙
∗
L(ωD,uA) = 0, which completes
the proof. 
For the defender winning configuration, we use the same
payoff P2 in (23), with a modification on dbar as follows:
dbar = min
x∈RC
‖x− xA‖. (42)
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Theorem 7 If the initial configuration is xA /∈
RC(sDi , sDj ), and if the players use P2 in (23) as the
objective function, then u∗A in (35) and the pincer ma-
neuver [ωDi , ωDj ] = [1,−1] form equilibrium strategies,
and the value of the game is Vij in (37).
PROOF. Similar to the proof of Theorem 3, it suffices
to show that −dbar = νVij , since we already have the
result (41). The identity for the case with xA ∈ Ri or
xA ∈ Rj is already proved in Theorem 3. When xA ∈
Rmid, it is easy to get the result B ·xA )mid = 0 recalling
that the barrier ∂RC in this portion is a circle centered
around smid. 
The optimal behavior of the defender at sDi against an
intruder at xA may be different based on the existence
of the third player sDj . In a one vs. one game Di has to
decide between cw and ccw motion based on the location
of xA with respect to the dispersal surface Γdis(sDi),
and it is possible that the cw motion is optimal. On the
other hand, in a two vs. one game Di (defined as the one
on cw side) should always move ccw.
Remark 6 (Computation) Importantly, the calcula-
tion of the optimal strategies and the value (for both one
vs. one and two vs. one) do not require an explicit compu-
tation of the surfaces nor the regions. Both the intruder
and the defender need the following computation:
• Find the breaching points sL(xA) and sR(xA)
• Determine xA ∈ ΩL(sD) or not using (13)
• Determine Di and Dj (cw and ccw defender)
• Compute the objective functions J∗L, J∗R, and J∗mid• Determine which of the three cases in (34) is valid
Once the corresponding case in (34) is known, the strat-
egy and the value are uniquely determined by (36) and
(37). A search is performed only in the first step when
finding the breaching points, which is also simple due to
the monotonic behavior of the approach angle φ(s).
5 Multiplayer Game
This section discusses the assignment-based defense poli-
cies when there are multiple players on both teams. We
first review the assignment method proposed by Chen et
at. [6,5]. We then introduce an extension of the assign-
ment policy.
5.1 Maximum Matching (MM) defense
For a given initial configuration {xAi}NAi=1 and {sDj}NDj=1,
the defender-winning regions can be used to determine
a set of intruders that each defender can win against:
Dj can be assigned to Ai if xAi /∈ RA(sDj ). Again,
the defender wins by either capturing the intruder or
delaying its intrusion indefinitely (see Sec. 3.2).
One can generate a bipartite graph with intruders and
defenders as two sets of nodes. Edges will be drawn from
each defender to all the intruders that it can capture.
Matching in graph theory refers to finding a set of edges
with no shared nodes. Here, this restriction corresponds
to the assumption that Dj can only play an optimal
two-player game against at most one intruder at a time.
Maximum-cardinality matching (MM) algorithms (see
references in [6]) give such an edge set with maximum
cardinality.
The edge set is used to assign at most one unique de-
fender to each intruder. If Dj is assigned to Ai, then Dj
selects its strategy to be optimal against Ai. The cardi-
nality of the edge set, N capMM, tells us that at least N
cap
MM
intruders will be captured. The upper bound on the in-
truder score is then given by
QMM = NA −N capMM. (43)
This method assumes that all defenders play indepen-
dent games and ignores any cooperation with the team-
mates.
5.2 Maximum Independent Set (MIS) defense
Now we allow a defender pair to be assigned to a single
intruder. Let D(i,j) denote a pair (Di, Dj). The match-
ing algorithm needs to be modified to avoid conflicts. For
example, Di and a pair D(i,j) cannot be treated as in-
dependent nodes and be assigned to distinct intruders,
because Di may not be able to move optimally against
two intruders simultaneously. We pose the assignment
problem into a maximum independent set (MIS) prob-
lem [18] as described in the following:
1) Construct a bipartite graph with two sets of nodes
VD = {Di}NDi=1 ∪ {D(i,j)}i 6=j and VA = {Ai}NAi=1. The
node set VD now includes all possible defender pairs.
2) For eachDi, draw edges to all intruders, Ak, such that
xAk ∈ RD(sDi).
3) For each pair D(i,j), draw edges to all Ak such that
xAk ∈ Rpair(sDi , sDj ) (see Fig. 11). Note that we ex-
clude the intruders that are independently capturable
by either Di or Dj .
Figure 12a depicts a particular initial condition, and
Fig. 12b shows the bipartite graph (nodes with no edges
are omitted).
4) The edges in the graph are enumerated and be-
come the nodes in the new graph representation (see
Fig. 12c).
5) Draw an edge between two nodes (in the new graph)
whenever they share the same defender or intruder.
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Fig. 12. (a) Example with 5 defenders and 4 intruders. (b)
Each node on the left represents a defender or a pair of de-
fenders, and nodes on the right represent intruders. Edges are
drawn when the defender or defender pair can win against
the intruder. (c) Edges in (b) become nodes in the new graph.
A maximum independent set is highlighted in red. (d) An as-
signment (not necessarily unique) that defends against max-
imum number of intruders. (e) Assignment described in the
original game space.
6) Find MIS, i.e., the largest subset of nodes with no
direct connection.
Figures 12d-e illustrate the resultant assignments that
give N capA = 4 and Q ≤ QMIS = NA − N capA = 0. Note
that the maximum-matching assignment only guaran-
tees Q ≤ QMM = 3. For any initial configuration, the
MIS formulation gives equal or tighter upper bound be-
cause it considers paired defense in addition to all the
individual defenses.
The downside of the above formulation is the fact that
MIS cannot be found efficiently [18]. A computationally
efficient team policy is a subject of our ongoing work.
6 Simulation Examples
This section demonstrates the theoretical results
through numerical examples.
6.1 One vs. One Game
We verify the results in Sec. 3 by testing both optimal
and suboptimal intrusion strategies. We select the speed
ratio to be ν = 0.8 and start the game in the intruder-
winning configuration. Fig. 13a shows the simulation
snapshots when the intruder takes the optimal strategy,
t = 1 t = 200 t = 434
t = 1 t = 200 t = 385
t = 1 t = 200 t = 634
(a) optimal breaching point
(b) closest point
(c) tangent point
Fig. 13. Simulation snapshots of one vs. one game with
ν = 0.8. (a) Intruder behavior using the correct speed ratio.
(b) Intruder behavior using ν = 0.01. (c) Intruder behavior
using ν = 1.
whereas Fig. 13b and c show the cases when the intruder
behaves suboptimally.
By inspecting the right most column, we can compare
the performance in terms of two metrics. First, the dis-
tance between the defender and the intruder at this time
is the safe distance considered in Sec. 3.3. We can see
that the intruder achieves the largest safe distance by
the optimal strategy in Fig. 13a.
Next, notice the difference in the time the intruder
reaches the perimeter. By sacrificing the safe distance,
the closest-point strategy in Fig. 13b shows an improved
performance in terms of the arrival time. This strategy
also has the property of being open loop type, since the
closest point on the perimeter is completely independent
of the defender’s position or its behavior. However, note
that this strategy does not always guarantee intruder’s
win even if the game starts in the intruder winning con-
figuration. Specifically, when the intruder starts on the
barrier, only the optimal strategy guarantees its win.
The tangent-point strategy in Fig. 13c shows the oppo-
site effect in the time of arrival. By sacrificing the safe
distance, this strategy delays the time the game ends,
which may become relevant in a multi-player game where
it tries to keep the defender away from other intruders.
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The result of this example highlights the fact that the
optimal strategy will be different if the intruder’s objec-
tive is to delay the capture as much as possible.
We omit the demonstration of the suboptimal defender
strategy since it is already shown clearly with Fig. 6 in
Sec. 3.2.
6.2 Multiplayer Game
The example provided in Sec. 5 (Fig. 12a) showed a triv-
ial case in which the MIS defense outperforms MM de-
fense, i.e., a case where QMM ≤ QMIS. Here, we show
an example where the two strategies initially have the
same guarantee QMM = QMIS, but only MIS actually
performs better than the initially provided bound.
Simulation snapshots of a three vs. three scenario are
shown in Fig. 14 and 15 for MM defense and MIS defense
respectively. 2 The small yellow stars indicate each in-
truder’s breaching point, the dash-dotted lines indicate
the one vs. one assignments, and the solid blue lines in-
dicate the two vs. one assignments.
The intruders are performing independently greedy be-
havior: i.e., there is no team coordination 3 . Each in-
truder finds the closest pair of defenders that contains
itself in the “relevant region”, defined by the area be-
tween the two afferent surfaces (see Fig. 9a). Then the
intruder plays the two vs. one game against the pair. For
example, in Fig. 14a both A1 and A2 are located in the
relevant region against the pair (D1, D2), and therefore
move towards the mid point between the two defenders.
Once the intruder converges on the afferent surface of
a defender, the relevant region may start switching fre-
quently. For example, at time t = 105, the intruder A2 is
already on the afferent surface of defender D2. Depend-
ing on the side of a small deviation, the relevant pair
for A2 switches between (D1, D2) and (D2, D3). Such
switching causes the intruder to follow a zigzag path to-
wards defender D2. To avoid such degenerate behavior,
we add a small bias towards ccw direction when the in-
truder selects the pair, which is why A2 selects the pair
(D2, D3). The kink in the path of A3 (see Fig. 14d), is
generated due to the switching from the midpoint be-
tween (D2, D3) to the one between (D3, D1).
The MM assignment shown in Fig. 14, has two valid
edges givingN capA = 2 andQMM = NA−N capA = 1. Since
this MM assignment does not specify any behavior to
the unassigned defenders, we also consider a secondary
matching between the unassigned intruders and defend-
ers. DefenderD1 gets this secondary assignment towards
2 also see https://youtu.be/1pfwv04NzcA for the animated
version.
3 see [30] for a coordinated team strategy of the intruders.
A1, which is why D1 moves ccw. As the QMM from the
MM analysis expected, A1 scores a point (Fig. 14d).
The MIS assignment shown in Fig. 15 also has N capA = 2
at the beginning, only guaranteeing Q ≤ QMIS = 1.
The pair (D1, D2) initially plays the two vs. one game
against A1. However, at time t = 105, the intruder A1
moves intoRD(D2), which freesD1 from the two vs. one
game and allows it to perform a one vs. one game against
A2. At this point, the score upperbound has changed to
QMIS = 0, and the defender team guarantees that no
intruder scores.
Although the score bound provided by QMIS is tighter
than QMM (see Sec. 5), this example highlights that it
may still not be the smallest upper bound. Specifically,
the MIS analysis could not predict the outcome Q = 0
from the initial configuration. Obtaining a tighter bound
is a subject of ongoing work, and it requires the opti-
mal/equilibrium strategies in the team vs. team sense.
We also note that the MIS assignment is non-unique; in
fact, it could have selected the same edge set as the MM
assignment in this example, because they both have the
same cardinality. In other words, the two assignments
are equally good in the instantaneous analysis. However,
only the assignment shown in Fig. 15 leads to the capture
of all intruders. A more sophisticated defender strategy
that always makes this “correct” decision is also a part
of our ongoing work.
7 Conclusion
We study a variant of the reach-avoid game with the
defenders constrained to move on the perimeter of the
target region. The intruders try to score by breaching
the perimeter while the defender team tries to mini-
mize the score by intercepting them. The one vs. one
game is solved analytically for arbitrary convex shapes,
which provides the intruder’s optimal breaching point
and the defender’s optimal direction of motion. The de-
rived strategies are at an equilibrium in terms of the
safe distance (in the attacker-winning scenario) and the
largest margin (in the defender-winning scenario). The
two vs. one game is also solved analytically, and it high-
lights the benefit of cooperation among the defenders.
Specifically, two defenders can team up to perform a pin-
cer maneuver to reduce the intruder-winning region. An
existing defender assignment method is extended to ac-
commodate the assignment of pairs of defenders. The ex-
tension provides a tighter upper bound on the intruder
score.
Since the proposed assignment method based on the
maximum independent set formulation is computation-
ally inefficient, our ongoing work studies a scalable algo-
rithm without the sacrifice on the performance. We are
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Fig. 14. Simulation snapshots of MM defense.
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Fig. 15. Simulation snapshots of MIS defense.
also studying the optimality (equilibrium) of the team
strategies.
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